of the spermatozoa stage in mice [3, 4] . Further, reduced sperm motility has been reported in patients with mitochondrial diseases [5] , and mitochondrial DNA mutations have been reported in mitochondrial respiration defects giving rise to meiotic arrest and abnormalities of sperm morphology [5, 6] . However, mitochondrial participation in spermatogenesis and male infertility are still not fully understood.
Human augmenter of liver regeneration (hALR), also called hepatopoietin (HPO) or Erv1, belongs to the Erv1/ALR protein family whose members share a strong homology in their well-conserved carboxy terminal domain with a C-X-X-C motif essential for sulfhydryl oxidase enzyme activity [7, 8] . Current research suggests that sulfhydryl oxidases and other redox proteins have broader roles in growth regulation, differentiation, changes in mitochondrial and cellular membrane morphology, and formation of the extracellular matrix [9, 10] . Previous studies have demonstrated that different forms of mammalian ALR may have different cellular functions. 15kDa ALR as a hepatotrophic growth factor is restricted to liver
Materials and Methods

Transgenic mice
hALR transgenic construct was established by cloning the full-length human ALR cDNA with a Myc epitope tag at the C-terminus into the BamH I and EcoR I site of the pTSPY2.4 vector under the control of pTSPY promoter. To generate the pTSPY-hALR transgenic mice, a 6.1-kilobase (kb) SalI fragment containing the pTSPY-hALR transgenic cassette cDNA was isolated from an agarose gel, purified using the DNA purification kit (Promega Corp., Madison, WI, USA), extracted with phenol-chloroform and ethanol-precipitated. DNA fragment was microinjected into fertilized eggs of C57Bl/6 mice to generate transgenic founders. Founders were screened by reverse transcription-PCR (RT-PCR) using primers complementary to the hALR and Myc-coding sequences, and Southern blot analysis. All mice were bred and maintained at the animal facility under specific pathogen-free conditions. All experiments using mice received approval from the Beijing Institute of Radiation Medicine Administrative Panel for Animal Care.
Southern blot analysis
Tail DNA samples were prepared according to the protocol (Promega) and digested with HindIII and XbaI to generate a 730-bp fragment. The digests were separated on a 0.8% agarose gel and transferred to a positively charged nylon membrane (Biotrans plus, ICN, Costa Mesa, CA, USA). hALR cDNA was labeled with 32 P-dCTP and used as probes to hybridize with the genomic tail DNA samples to test for the presence of transgenic constructs.
Western blot analysis
Twenty micrograms of protein from each sample was loaded onto the gel. After separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, the proteins were transferred to nitrocellulose membranes and probed with Myc antibodies at a concentration of 1:1000 (Santa Cruz Biotechnology, Santa Cruz, California, CA). Chemiluminescent detection was conducted using a supersignal substrate (Pierce, Rockford, IL, USA) according to the manufacturer's specifications.
Germ cell preparation and flow cytometry
For the analysis of the testes at defined time points after birth, the testes were collected and single-cell cells [11] . The full-length 23kDa mammalian ALR is predominant and localized in the mitochondrial intermembrane space, and is an important component of a disulfide-redox relay system [12] . Several studies have also indicated that mammalian ALR play an important role in mitochondrial biogenesis. Dramatic changes take place in the mitochondrial morphology when levels of mitochondrial Erv1p are reduced in yeast [12, 13] . Mammalian cells lacking ALR exhibit defects in mitochondrial functions such as respiration, transport, and morphology [12] . Interestingly, several reports have suggested that ALR plays a role in protection against apoptosis. Its overexpression inhibits the induction of apoptosis by H 2 O 2 in SH-SY5Y cells [14] , and by radiation in HepG2 cells [15] . Recently, ALR has also been identified as a critical regulator of hematopoietic stem cells (HSC) proliferation [16] . Importantly, ALR was determined to perform an essential function in the biogenesis of cytosolic iron/ sulfur cluster (Fe/S) proteins, and is important for cellular iron homeostasis [10, 17] .
Mammalian 23kDa ALR is expressed predominantly in brain, muscle, testes and liver [18, 19] . Studies on the developmental expression pattern of mouse ALR reveal its spermatogenetic ontogeny. The greatest amounts of ALR are detected in spermatogonia and early spermatocytes, and then down regulated in the process of male germ cell maturation during spermatogenesis [20] [21] [22] . It has been reported that IL-1β, IL-6, and FOXA2 regulated the expression of ALR [23] , however, no evidence showed that gonadotropin stimulated ALR. In fact, Sertoli cells and epithelia of the genital tract have high levels of AR and ALR [24] . Moreover, ALR was found to have significant down-expression in cryptorchidism rat models [25] . Those studies indicate that the mitochondrial form of sulfhydryl oxidase ALR may play a role during sperm cell differentiation. Together with the evidence that morphological and functional changes in mitochondria are associated with the control of sperm development and function, we presume that ALR may be involved in germ cell function and/or differentiation. In this study, we constructed an ALR transgenic mice line with selectively expressed ALR in testicular tissue by driving ALR using the human TSPY promoter. Our study demonstrates that ALR overexpression is associated with male germ cell apoptosis, seminiferous tubule disorganization, and reduced fertility.
for animals examined at each age, taking wild-type mice belonging to the same litter as that of the control group. Testes were fixed for at least 24 hr in Bouin's fixative at room temperature, dehydrated and then paraffin embedded. Mounted sections (5 μm) were stained with hematoxylin and eosin, and examined. Samples of testes were also fixed in glutaraldehyde fixative and were studied under transmission electron microscopy (TEM). Apoptosis was evaluated by terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay for in situ visualization of DNA fragmentation with commercial reagents (Roche Applied Science). The number of apoptotic cells per seminiferous tubule was determined by counting the TUNEL positive cells in at least 300 tubule cross-sections, selected at random within 6-and 28-week-old transgenic and wild-type animals.
Fertility assessment
Transgenic and wild-type male mice belonging to the same litter were mated continuously with C57Bl/6 females (one male with two females) for a period of two weeks. The female mice were checked for vaginal plugs to release sperm into the medium. Fertility was assessed by recording the number and size of litters produced by each pairing. Reproductive organs were harvested for weight determination and sperm counts. Epididymal spermatozoa were collected from adult mice by squeezing the cauda epididymides in PBS. Sperm morphology was determined by light microscopy, and the suspensions were prepared by passing the tissues through a 100-μm nylon mesh. Separation of cells and fractionation on a 0.5% to 3% bovine serum albumin (BSA) gradient were performed according to the methods followed by Lisowsky et al. [13] . To determine the relative distribution of germ cell populations in the testes, the germ cells were stained with a solution containing 25 μg/mL propidium iodide, 40 μg/mL RNase, and 0.3% Tween 20 in PBS at room temperature for 20 min. The stained cells were analyzed by using a FACScan flow cytometer (BD Immunocytometry Systems).
RT-PCR analysis
Testes were harvested at defined time points, and total RNA was isolated using Trizol reagent (Gibco Invitrogen, Carlsbad, CA, USA). 1 mg total RNA was reverse-transcribed using reverse the transcription kit (Promega), and amplified with PCR kits (Perkin Elmer, Boston, MA, USA) according to the manufacturer's instructions. Each gene was analyzed using specific primer pairs ( Table 1 ). The PCR products were electrophoresed on 1% agarose gels and photographed. For quantification of transgene expression in different animal lines, the testes were harvested and total RNA was extracted. Then a standard real-time RT-PCR was performed with SYBR PrimeScript RT-PCR kit (Takara Biotechnology Co., Ltd., Dalian, China).
Histopathology and apoptosis assay
Transgenic testes histology was routinely analyzed Of the 60 pups, three positive founder mice were identified ( Fig.1B and C) . Breeding strains were established from these three mice, and real-time quantitative PCR revealed that each transgenic line contained an equal number of transgenes (data not shown). Realtime RT-PCR on the total testes of the three lines and wild-type littermates was also performed. This assay revealed that the hALR mRNA of the three lines was about 1.5 times the expression level of endogenous ALR ( Table 2) . Western blot analysis suggested that in strain 57, the transgenic hALR was predominantly expressed in the testes, but not in the spleen, heart, lung, muscle, kidney and liver. A weak signal of hALR in the transgenic mouse brain was detected (Fig. 1D) .
The same expression profile of transgenic hALR was obtained from strains 26 and 52 too (data not shown).
ALR transgenic male mice had reduced fertility
To evaluate fertility in transgenic mice, two each of 12-wk-old transgenic and wild-type mice were mated with 12-wk-old C57BL/6 female mice, and the number and size of the litters produced in a period of 2 months were determined (Table 3) . Plug frequencies were similar between transgenic and wild-type mice (data not shown), but a small number of transgenic males produced fewer litters than those produced by wild-type quantity was measured by hematocytometry. All the values were expressed as mean ± SE.
Statistical analysis
For all comparisons, statistical analysis was done using Student's t test. The calculations were performed with SPSS version 11.0 statistic software.
Results
Transgenic hALR is predominantly expressed in testes
To investigate the role of ALR in the development of spermatogenesis, we engineered hALR overexpression in the testes of mice under the control of the promoter of human TSPY (testis-specific protein, Y-encoded) ( Fig. 1A) . Human TSPY is a candidate oncogene and is supposed to function as a proliferation factor during spermatogenesis, which is expressed at the highest level in spermatogonia, and to a lower degree, in primary spermatocytes [26, 27] . This promoter has been used previously to drive the expression of gene to testicular tissue [27] . The transgene is correctly transcribed and spliced according to the human pattern, and is mainly expressed in the testicular tissue with spermatogonia and early primary spermatocytes being the expressing germ cells.
Positive founder mice were identified by Southern spermatocytes, multinucleated giant cells, deposited plasma protein and vacuoles were present within the seminiferous epithelium and 3) mature sperm were constantly scanty in the epididymal lumen (Fig. 2C ).
Enhancement of apoptosis of germ cells in the transgenic mice testes
To examine whether overexpression of ALR affects apoptosis of mice testes cells, we compared testes cell apoptosis between transgenic and wild-type mice by TUNEL assay (Fig. 3) . Occasional, rare apoptotic cells were detected in wild-type testes that were 12 weeks old, mainly in the spermatogonial layer next to the basal lamina of seminiferous tubules. In transgenic mice testes, the fraction of TUNEL-positive apoptotic cells increased sharply; based upon cellular morphology and position within the seminiferous epithelium that appeared to be spermatogonia and spermatocytes. The increased apoptosis detected in transgenic testes correlates with hollowed-out and vacuolized tubules as described in Fig.  2B . Thus, this apoptotic dysregulation of spermatogenesis likely contributes to the spermatogenic arrest that occurs at the pachytene stage before meiosis I.
Arrest of spermatogenesis predominantly at the premeiotic pachytene stage in transgenic mice
To determine when defects in the testes of transgenic mice can be detected, we first quantitated the DNA content of germ cells from the 10-day-old mice testes by flow cytometry. DNA content analysis readily separates the postmeiotic haploid spermatids males even though no difference was observed in the size of the litter.
ALR transgenic mice showed a range of abnormal spermatogenesis
The raw weights of body, spleen and kidneys of ALR transgenic male mice at post-natal day 12-wk were not statistically different from those of wild-type mice (data not shown). However, the size of the testes in transgenic mice is only two-third that of the wild-type mice (0.135 ± 0.026 vs. 0.195 ± 0.017 g for 12-wk-old transgenic vs. wild-type mice) ( Fig. 2A) . Furthermore, we observed decreased number of epididymal sperm and lower sperm motility in transgenic mice (see the epididymal content analysis in Table 3 ).
We performed immunohistochemistry using anti-Myc antibody to examine the expression sites of exogenous ALR in the TG testes. As shown in Fig.  2B , exogenous ALR expression appeared in the testicular tissue surrounding seminiferous tubules spermatocytes, spermatogonia, and sperm cells. Sense controls gave very weak background signals.
Furthermore testicular histology analysis showed various abnormalities in transgenic mice, however, the expression levels of exogenous ALR did not appear to correlate with the severity of disruption: 1) the seminiferous tubules with reduced diameters appeared at different degrees of germ cell loss, which ranged from tubules lacking spermatids, but containing spermatogonia and a few spermatocytes, to tubules with Sertoli cell and spermatogonia only; 2) several degenerating and detached To verify this, the RT-PCR analysis of known differentiation markers present in different specific spermatogenic cell types was carried out (Fig. 4B) . Dazl, which is expressed throughout spermatogenesis, was expressed in a similar manner in the testes of both wild-type and transgenic mice [28] . The expression of Kit, which marks the germ cells prior to preleptotene [29] , did not exhibit significantly different expression patterns either. The expression of Ldhc4, a gene restricted to the mid/late-pachytene spermatocytes [30] , was markedly increased in the transgenic mice testes, whereas the expression of Dvl1, a gene activated in round, elongating, and elongated spermatids [31, 32] , tended to be far weaker in the transgenic mice testes, consistent with our morphological observations. These observations confirm that transgenic mice fail to complete spermatogenesis, the process being specifically arrested at the stage of pachytene spermatocytes.
Discussion
In the present study, hALR overexpressing mice were generated to reveal that up-expression of hALR led to abnormal spermatogenesis and reduced fertility. This study gave a new idea in clinical treatment of infertility and in contraception.
The pregnancy rate of wild-type female mice was lower when mated with ALR transgenic male mice, than when mated with wild-type males. In order to examine the possible mechanisms causing reduced fertility, we examined the sperm of the males used in the fertility study. We observed a decreased number of epididymal sperm and lower sperm motility in transgenic mice. Testicular histology showed a normal pattern of seminiferous epithelium in the tubules of wild-type mice; however, the seminiferous tubules with reduced diameters that appeared at different degrees of germ cell loss were found in transgenic mice. Several degenerating and detached spermatocytes, multinucleated giant cells, deposited plasma protein and vacuoles were present within the seminiferous epithelium in transgenic mice. Thus, we conclude that ALR transgenic male mice have impaired fertility, most likely due to changes in sperm morphology, and reduced number and motility of spermatogenic cells.
The mechanism by which ALR overexpression causes reduced fertility and changes in sperm mor-and spermatozoa (1N) from the 2N spermatogonia, preleptotene primary spermatocytes and secondary spermatocytes, the 4N primary spermatocytes, and G2 phase somatic cells. Transgenic mice showed an increase in tetraploid cells and cells with haploid DNA content were significantly reduced. The number of diploid cells relative to the tetraploid cells was lower in transgenic mice testes than in wild-type testes, suggesting that spermatogenic arrest occurs in transgenic mice before the first meiosis (Fig. 4A ). A germ cells and Sertoli cells at each stage of spermatogenesis, and is essential for the development of normal mature spermatozoa [38] . In hALR transgenic mice, the number of primary spermatocytes showed an abnormal excess during transgenic testes development, as assessed by flow cytometry and histological examination. However, whether hALR contribution to the overpopulation of primary spermatocytes depends on its pro-proliferation or anti-apoptosis role needs to be further examined. The same findings have been observed in heat shock factor-1 (HSF-1) transgenic mice [39] . In HSF-1 transgenic mice, all the cells, except for the germ cells, are protected from apoptosis. Furthermore, inhibition of apoptosis does not guarantee the future spermatogenesis [40] . The meaning of apoptosis seems to be completely different from the other organs.
In conclusion, ALR male mice have impaired fertility, most likely due to changes in sperm morphology, and reduced number and motility of spermatogenic cells. The exact mechanism regarding how the ALR influence sperm morphology and quantity needs to be clarified through further studies. phology and quantity is not clear. One possible explanation may be through the regulated mitochondrial function. ALR/Erv1 catalyzes oxidative protein folding with the generation of disulfides and the reduction of oxygen to hydrogen peroxide, indicating its direct contribution to the oxidative stress. It has been reported that the human spermatozoon is highly susceptible to oxidative stress and disulfide bond formation is a very important issue in sperm physiology leading to a finely regulated redox status, which is needed to stabilize sperm nucleus and tail [33, 34] . In addition, ALR performed the export of iron/sulfur (Fe/S) clusters from the mitochondrial matrix, contributing to the biogenesis of cytosolic Fe/S proteins and to cellular iron homeostasis [10] . Importantly, Fe/S proteins have important regulatory functions as enzymes or transcription factors [17] . Further, mitochondrial causes of infertility have triggered interest because of their presence in the tail of sperm and the immense energy needed for sperm motility [1] . Thus, changes in the level and activity of ALR may cause morphological and functional changes in mitochondria during spermatogenesis, and would result in sperm morphology and quantity changes in ALR transgenic mice.
In addition to the above, mitochondria participates in an important process of apoptosis. Several studies on mitochondria have strongly suggested its role in fertility. Indeed, hALR overexpression in SH-SY5Y cells increases the resistance to oxidative injury and suppresses mitochondrial death pathwaymediated apoptosis [14] . Knockdown of hALR leads to decreased cell survival and loss of mitochondrial function in embryonic stem cells [35] . Given the prosurvival roles of hALR, present findings of defective spermatogenesis in mice overexpressing this sulfhydryl oxidase were unexpected. It should be kept in mind, however, that the anti-apoptotic role of hALR in somatic tissues/cell lines does not necessarily reflect the role this enzyme actually plays in the testes. A more likely possibility is that the precise balance between the number of germ cells and the neighboring Sertoli cells was damaged by the excessive production of hALR. Successful germ cell maturation requires an intricate balance between germ cell proliferation, differentiation, and apoptosis [36] . Programmed germ cell death plays an indispensable role during adult spermatogenesis [37] . The physiological apoptosis ''wave'' appears to maintain the homeostasis of 
